Miniature inverted-repeat transposable elements (MITEs) are short, nonautonomous DNA elements that are widespread and abundant in plant genomes. Most of the hundreds of thousands of MITEs identified to date have been divided into two major groups on the basis of shared structural and sequence characteristics: Tourist-like and Stowaway-like. Since MITEs have no coding capacity, they must rely on transposases encoded by other elements. Two active transposons, the maize P Instability Factor (PIF ) and the rice Pong element, have recently been implicated as sources of transposase for Tourist-like MITEs.
T RANSPOSABLE elements (TEs), which are a maelements, but their high copy number and intrafamily jor component of all characterized eukaryotic gehomogeneity in size and sequence distinguish them nomes, have been divided into two classes according to from most previously described nonautonomous eletheir transposition intermediate. Class 1 (RNA) elements ments (Wessler et al. 1995) . Since MITEs lack coding transpose via an RNA intermediate and most either have sequences, their classification has been based on the long terminal repeats (LTR-retrotransposons) or termisequence similarity of TIRs and target site duplication nate at one end with a poly(A) tract [long interspersed (TSD) . Using these criteria, most of the tens of thousands nuclear elements (LINEs) and short interspersed nuof plant MITEs have been divided into two groups: Touristclear elements (SINEs)]. Class 2 (DNA) elements translike (3-bp TSDs, usually TTA/TAA) and Stowaway-like (2-pose via a DNA intermediate and usually have short bp TSDs, usually TA) (Feschotte et al. 2002b) . terminal inverted repeats (TIRs). DNA elements can Two distantly related families of active DNA transpobe further classified into families on the basis of the sons have recently been associated with Tourist-like transposase (TPase) that catalyzes their movement. A MITEs. The maize P Instability Factor (PIF) and a Tourist-TE family is composed of one or more TPase-encoding like MITE family called miniature PIF (mPIF) share idenautonomous elements and up to several thousand nontical TIRs, similar subterminal sequences, and a strong autonomous elements that do not encode functional preference for insertion into the 9-bp palindrome TPases but retain the cis-sequences necessary to be mobi-CWCTTAGWG with duplication of the central TTA lized by the cognate TPase (for reviews see Capy et al. (Walker et al. 1997; . PIF contains 1998; Feschotte et al. 2002a) .
two open reading frames (ORFs), one encoding a TPase, Miniature inverted-repeat transposable elements whereas the function of the other ORF is unknown (MITEs) were first discovered in the grasses and later ; Figure 1a ). An even closer relationfound in other flowering plants as well as in animal ship was found in rice, where the 430-bp Tourist-like genomes (for review see Feschotte et al. 2002b) . Struc-MITE called mPing was shown to be a deletion derivative turally, MITEs are reminiscent of nonautonomous DNA of a 5.2-kb transposase-encoding element called Ping (Jiang et al. 2003; Kikuchi et al. 2003; Nakazaki et al. 2003) . Several lines of evidence, however, led to the Sequence data from this article have been deposited with the conclusion that a related element in the rice genome, EMBL/GenBank Data Libraries under accession nos. AY362792-called Pong, was the most likely source of TPase mobiliz- AY362819. ing mPing elements (Jiang et al. 2003) . Indeed, Pong 1 mic DNA in 50-l reactions. Cycling parameters were: 1 cycle transposing in the same cell culture line. Similar to PIF, at 94Њ for 3 min, 36 cycles at 94Њ for 30 sec, 50Њ for 30 sec, 72Њ
Pong also contains two ORFs (ORF1 and ORF2). ORF1
for 1 min, and 1 cycle at 72Њ for 5 min. Forty microliters of may be involved in DNA binding as it includes a domain the reaction was resolved on 1% agarose gels, and desired with weak similarity to the DNA-binding domain of myb fragments were purified from agarose using the QIAquick gel extraction kit (QIAGEN, Valencia, CA) and cloned using the transcription factors (Jiang et al. 2003; Figure 1b Aparicio et al. 2002; Feschotte et al. 2002b) . In this study we look at the distribution and evolution
RESULTS
of the PIF/IS5 superfamily of transposases and characterDistribution and abundance of PIF/Pong-like TPases: ize their relationship with Tourist-like MITEs. To this end
Identification of PIF/Pong-like TPases through database we conducted a systematic survey (database searches and searches: A systematic survey was carried out using the PCR assays) of putative PIF-and Pong-like TPases in plants TPases of PIF and Pong as queries in tBlastn searches and animals. Phylogenetic analyses of Ͼ600 TPase fragagainst several public databases. Significant similarity ments from 56 species define three major groups, each was detected in Ͼ1000 entries from a wide range of represented by multiple ancient and distinct lineages. eukaryotic species, including 21 plants, 19 animals, and The availability of virtually the entire sequence of rice two fungi (listed in Table 1 ). Six hundred and seventy- (Goff et al. 2002; Yu et al. 2002) For sequences used in generating the phylogenetic tree in Figure 3 , initials of species names are shown. a PIF-like TPases were identified in these species by previous studies (Kapitonov and Jurka 1999; Le et al. 2001; Aparicio et al. 2002; Jiang et al. 2003) .
few (Ͻ3) in Drosophila melanogaster, Caenorhabditis elegotte, and S. R. Wessler, unpublished data), nearly all elements were found to encode both ORFs. ORF1s are ans, and human.
Nucleotide sequences of the 574 unique PIF-and significantly more divergent than the TPases. Two blocks of conserved residues were found in PIF/PongPong-like TPases were conceptually translated into amino acid sequences after removal of introns (see belike ORF1's ( Figure 1 , blocks A and B), with the most conserved block (block A) centered in a ‫-001ف‬amino-low) and judicious correction of frameshifts caused by small (1-2 bp) insertions or deletions. The resulting acid (aa) region that displays weak homology to the DNA-binding domains of myb transcription factors from amino acid sequences were compared to detect conserved regions that might signify functional domains. some plants and animals ( Jiang et al. 2003) . Pong-like ORF1's contain an additional well-conserved block (FigSeveral blocks of highly conserved residues were identified for PIF-like TPases (Figure 1a) . Block H correure 1b, block C).
Additional PIF-like TPases from grasses:
The majority of sponds to a predicted HTH domain that may be involved in DNA binding. Blocks N2, N3, and C1 most likely PIF-like sequences ‫)%08ف(‬ were from only a few species (rice, Arabidopsis, B. oleracea, and A. gambiae) since this comprise the catalytic domain as they contain an apparent DDE motif with the three acidic residues centered survey was limited by the availability of DNA sequences in databases. To better resolve the phylogeny of PIF in blocks N2, N3, and C1, respectively. A DDE motif is also present in Pong-like TPases (Figure 1b) , but, unlike elements, additional TPase sequences were isolated from species with established evolutionary relationships PIF, no HTH domain was predicted.
PIF/Pong-like TPases are usually adjacent to ORF1 homobut limited sequence information. To this end, a dPCR procedure was employed to amplify PIF-like TPase fraglogs: tBlastn searches using the ORF1's of PIF and Pong as queries also yielded a large number of hits. When ments from selected grass species. Grasses were chosen for this analysis because their phylogeny is well characlocated on long contigs, these ORF1 homologs were usually found within 1-2 kb of PIF-or Pong-like TPases, terized (Kellogg 2001 ) and they harbor the only known active PIF and Pong elements (Walker et al. indicating that each "pair" of ORF1 and TPase was encoded by the same element. In fact, when the termini 1997; Jiang et al. 2003) . dPCR primers were derived from the conserved of PIF/Pong-like elements were defined in O. sativa (see below), A. thaliana, and A. gambiae (X. Zhang, C. Feschblocks N2 and C1 in PIF-like TPases (see Figure 1a for (Kapitonov and Jurka 1999; Jiang et al. 2003) . The PIF TPase shown in a is a full-length TPase isolated from maize (X. Zhang and S. R. Wessler, unpublished data). Other sequences were named according to the species initials (see Table 1 ), followed by their GenBank accession number.
positions and materials and methods for sequences) group, amino acid identity between sequences from distantly related species can be higher than that between and used to amplify an ‫-021ف‬aa region from 20 grass species as well as several basal monocots (listed in Table  two sequences from the same or from a closely related species, suggesting the presence of multiple ancient lin-1). The amplified region included the majority of the catalytic domain in PIF-like TPases, extending from 3 eages of both PIF-and Pong-like elements. The plant PIF-like group is composed of four major aa upstream of the first Asp to 8 aa upstream of the Glu of the DDE motif ( Figure 1a , boxed region). PCR lineages (A-D). Lineage A is the largest and most complex with members from both monocots and dicots. It products of the expected size ‫063ف(‬ bp) were successfully amplified from all 20 grasses tested and their close can be further divided into five sublineages (A1-A5). A1 includes five grass subfamilies (Panicoideae, Ehrharrelative Joinvillea, as well as several Asparagales (e.g., Gongora ilense; data not shown). In addition to the ‫-063ف‬ toideae, Bambusoideae, Pooideae, and the ancestral Pharoideae), indicating that this sublineage was present bp fragments, most species yielded larger PCR products ‫054ف(‬ bp) that, when sequenced, were found to contain before the diversification of the grasses ‫07ف‬ MYA. Although only two grass subfamilies (Panicoideae and Ehan intron (see below).
Forty-five fragments from 15 species were sequenced; rhartoideae) contributed sequences to A2, this lineage may be even more ancient than A1 as it is also found all were unique, indicating that there are multiple distinct TPases in each species and that only a small fraction in the orchid G. ilense (order Asparagales). A3 and A4 are each found in a single dicot family (A3 in Brassicahad been sampled. No product was amplified from the more basal monocots such as Zamia, Ginkgo, or Gnetum.
ceae and A4 in Fabaceae). A5 is present in both monocots and dicots and includes the only known active PIFFailure to amplify TPase fragments by dPCR from these species may be due to nucleotide variation in the primer like element, the maize PIF. B and C are two small lineages from dicots, both restricted to the Brassicaceae recognition region or to the absence of PIF-like TPases.
Phylogeny of PIF-like and Pong-like TPases: Three mafamily. Lineage D is another monocot-specific lineage found in four grass subfamilies (Panicoideae, Ehrharjor clusters of PIF-and Pong-like TPases: The TPase fragments identified by database mining and those isolated toideae, Bambusoideae, and Pharoideae). Pong-like TPases clustered into three major lineages by dPCR were pooled and their evolutionary relationships examined. A multiple alignment was constructed (O-Q). Lineage O included two sublineages, the dicotspecific O1 and the monocot-specific O2. Lineage P is from the 45 dPCR products and 574 unique database hits and used to generate an unrooted phylogenetic dicot specific, suggesting that it emerged in dicots after their separation from monocots. P could also be divided tree ( Figure 2 ). The majority of the sequences clustered into three groups: the plant PIF-like group, the plant into two sublineages (P1 and P2). P1 was found in only the Brassicaceae family and included the majority of Pong-like group, and the animal group. In addition, the five fungal sequences clustered into two small, speciesPong-like TPases from A. thaliana (71%) and nearly all from B. oleracea (137 of 139). The P2 sublineage is probaspecific groups.
Clustering of the two plant groups was supported by bly older than P1 as it is also present in the Fabaceae family. Most TPase sequences in lineages Q were from bootstrap values as well as by several features that were shared within each group but not between groups. First, O. sativa. However, the presence of one sequence from Zea mays and two from Lotus japonicus in lineage Q sugthe spacing (i.e., numbers of residues) between the second Asp and the Glu of the DDE motif differed between gests that it is also an ancient lineage.
Introns in plant PIF-like elements:
Although the original PIF-like and Pong-like groups but was consistent within each group. PIF-like TPases exhibit DD47E or DD48E maize PIF element lacks introns , many plant PIF-like TPases contain one or two introns in spacing whereas Pong-like TPases exhibit an invariant DD35E spacing. Second, the TIRs of PIF-and Pong-like their catalytic domains. The boundaries of these introns (donor/acceptor sites) were predicted with very high elements contain sequence motifs that are highly conserved within each group but distinct between the two confidence (90-100%), and the coding sequences were restored (compared to intronless TPases) after their groups (see below). On the basis of the comparison of TPase sequences, the animal group was related equally removal. Introns in PIF-like TPases can be classified into two classes on the basis of their position ( Figure 1a , to both plant groups.
Phylogeny of plant PIF-and Pong-like TPases: Phylogeintron 1 and intron 2). Intron 1 is located 6 aa upstream of the first Asp residue of the DDE motif and intron 2 netic relationships among plant PIF-and Pong-like elements were determined by analyzing a subset of 99 seis located 6 aa upstream of the second Asp residue. Both introns are short (83 bp on average) and A/T rich quences (63 PIF-like, 36 Pong-like) that were selected to represent the different lineages within each group. A (71% on average), with little conservation in length or sequence either within or among species. Significantly, CLUSTALW multiple alignment was constructed from the catalytic domains of these sequences and used to the intron number and position from PIF-like TPases were consistent with the lineage designations. Two ingenerate a phylogenetic tree (Figure 3 ). Both plant groups are monophyletic and heterogeneous. In each trons were present in three sublineages of A (A1, A3, and A4), only intron 1 was present in A2, only intron intron 1. Intron 2 was subsequently lost in the common ancestor of lineages B and C. The predicted stepwise 2 was present in lineages of D, and no introns were found in lineages B and C. Sublineage A5 was an exceploss of introns from PIF-like TPase genes contrasts with the plant mariner-like TPases, where the data are more tion: some TPases did not contain any introns while others contained two.
consistent with the acquisition of introns during evolution (Feschotte et al. 2002a,b) . Two models have been proposed to explain the diversity of introns associated with related coding sequences:
TPase/ORF1 arrangements: Several different arrangements of TPase and ORF1 were observed for PIF-and the "intron-early" model (loss of introns from an intronrich ancestor; Gilbert et al. 1997) or the "intron-late" Pong-like elements. All elements within a lineage or sublineage exhibit the same organization. Specifically, model (addition of introns to an intron-less ancestor; Logsdon 1998). It is unlikely that the intron-late model TPase and ORF1 in PIF-like elements are transcribed toward the same direction ("tail-to-head") but are orgaexplains the distribution of PIF introns as it would require multiple and independent intron acquisitions at nized in two different patterns, with the TPase gene located upstream of ORF1 in lineage A but downstream identical positions. The intron-early explanation is more parsimonious since the data can be most easily interpreof ORF1 in lineages B, C, and D. Three different arrangements were found for Pong-like elements. TPase ted by hypothesizing the existence of an ancestral PIF TPase with both introns and that multiple independent and ORF1 were organized in a "head-to-head" alignment for O1, a "tail-to-tail" alignment for O2, and a loss events occurred during evolution (Figure 3) . According to this model, both introns were retained in tail-to-head alignment for P and Q with TPase located downstream of ORF1 (see Figure 3 ). the ancestor of lineage A, but intron 2 was lost in sublineage A4. Intron 1 was lost in the common ancestor of PIF-and Pong-like elements in rice: The availability of virtually the entire genomic sequence of O. sativa (Goff lineages B-D so that none of these lineages contains Table 1 ) followed by the GenBank accession number. Bootstrap values were calculated from 1000 replicates.
et Yu et al. 2002) made it possible to conduct PIF and Pong TPases: tBlastn searches using as queries the TPases of PIF and Pong led to the identification of a comprehensive analysis of the relationships between PIF-and Pong-like elements and Tourist-like MITEs. To 205 and 145 hits (e-value Ͻ Ϫ10), respectively, from the TIGR rice database (ssp. japonica, cv. Nipponbare). do this, PIF-and Pong-like TPase sequences were first identified by computer-assisted analysis and then the Duplicate hits located on overlapping regions of bacterial artificial chromosomes were excluded as were sesequences flanking these hits were searched to define full-length PIF-and Pong-like elements.
verely truncated TPases (containing Ͻ50% of the com-plete coding region). The remaining 116 PIF-like TPases for TIRs related to those of PIF or Pong and the flanking 3-bp TSDs characteristic of PIF and Pong elements and 80 Pong-like TPases were relatively full-length and contained the entire catalytic domain. After removal of (TTA/TAA). In this way, TIRs of 21 of the 27 OsPIF families (71 elements) and 20 of the 26 OsPong families introns and correction of frameshifts caused by small insertion/deletions (1-2 bp), full-length PIF-like TPases (61 elements) were identified (see supplemental data at http:/ /www.genetics.org/supplemental/ for accession were found to range in size from 392 to 432 aa, while full-length Pong-like TPases were from 416 to 549 aa. numbers and positions). The TIRs of OsPIF 's were of variable length, ranging The evolutionary relationships of rice PIF-and Ponglike TPases were determined by generating phylogefrom 10 bp (OsPIF4) to 45 bp (OsPIF20). In contrast, OsPong TIRs were more uniform: all were 14-18 bp long netic trees from CLUSTALW multiple alignments of their catalytic domains (Figures 4 and 5) . Two major except for one family (represented by a single-element OsPong5, 66-bp TIRs). Comparison of the TIRs of OsPIF 's lineages for PIF-like TPases that correspond to lineages A (including sublineages A1, A2, and A5) and D were and OsPong's showed similarities (most began with 5Ј-GGSC-3Ј, where S represents G or C) as well as differresolved as shown in Figure 3 . Correlation between intron content of a PIF-like TPase and the TPase lineage ences (the fifth nucleotide was usually A in OsPong 's but was rarely an A in OsPIF 's; Figure 6 , a and b). The inner is similar to that described in the broader plant survey (Figure 3) The identification of complete OsPIF and OsPong elefound to be in the range of 4-6 kb. In several instances, OsPIF and OsPong families inments was complicated by the fact that interfamily comparisons indicated that sequence similarity was reclude elements that are nearly identical, suggesting that they transposed recently and may still be capable of stricted to the known ORFs. For this reason, full-length elements were identified by comparison of sequences further transposition. For example, OsPIF6 includes five complete elements ‫1.4ف(‬ kb) located on four different flanking the TPases within the same family where high sequence similarity extended into sequences flanking chromosomes (chromosomes 3, 7, 9, and 10) that are, on average, ‫%6.99ف‬ identical over their entire length. the ORFs. Sequences marking the boundary of similarity between elements of the same family were then searched In addition, their coding sequences are not interrupted ᭤ Figure 4 .-Phylogeny of OsPIF TPases and the structure of the encoding element. The neighbor-joining tree was constructed from a CLUSTALW multiple alignment of the catalytic domains (boxed region in Figure 1a by stop codons or frameshifts. Similarly, OsPong20 inregions and TIRs. For example, the nucleotide sequences of OsPIF9 and OsPIF7 were 60% identical in cludes four elements ‫3.5ف(‬ kb) that are on average Ͼ99.7% identical.
their TPases ‫2.1ف(‬ kb) and 55% identical in their ORF1's ‫1ف(‬ kb), but these two families did not share In contrast, interfamily sequence conservation, even between closely related families, was restricted to coding additional sequence similarity aside from their TIRs. PIF-and Pong-Like Transposons (Tourist_VI, Helia, Qiqi, ID-2, ID-3, ID-4, Lier, Stola, and Youren; Bureau et al. 1996; Tarchini et al. 2000; Jiang and Wessler 2001; Turcotte et al. 2001) .
Similarly, the OsPong2 and OsPong3 families share 81 combination had contributed to the evolution of these elements. To address this question, the phylogenies of and 85% nucleotide identity in their ORF1 ‫009ف(‬ bp) and TPase ‫3.1ف(‬ kb) coding regions, respectively, but ORF1 and the TPase of OsPIF and OsPong elements were compared to determine whether ORFs in the same have completely diverged noncoding regions.
Coevolution of ORF1 and TPase in OsPong's: All 21 OsPIF element were coevolving or whether discrepancies existed that might suggest independent evolution. families and 19 of the 20 OsPong families with defined termini encoded both ORF1 and TPase. The only OsTwo phylogenetic trees were generated for OsPong elements, one based on an ‫-011ف‬aa region in their Pong family with defined termini that does not harbor an ORF1 is OsPong18, where all eight elements contain ORF1s including all three conserved blocks ( Figure 1b , boxed region) and one based on the catalytic domains only TPase. Absence of ORF1 in these elements is likely due to internal deletion for two reasons. First, the length of their TPases (Figure 7) . Comparison of the two trees showed that the phylogenies determined from the two of these elements is unusually short, ranging from 1365 to 2745 bp. Second, Blastn searches using OsPong18 coding sequences were consistent. These results indicate that interelement recombination had probably not elements as queries identified several additional family members that do not encode TPase but contain coding occurred in OsPong's. Similarly, the phylogeny of OsPIF ORF1s was found to be consistent with that of the sequence for ORF1 (e.g., AP003799; 96, 317) . Thus, all OsPong families with defined ends encode both TPases, albeit with less bootstrap support (data not shown). ORF1 and TPase.
As mentioned above, ORF1 and TPase in OsPIF 's are Insertion sites of OsPIF's and OsPong's: Prior studies have shown that some plant DNA transposons, such as memarranged in three different alignments and those in OsPong's have two different alignments. Interelement bers of the Ac/Ds and Mutator families, have a preference for insertion into single-copy regions of the gerecombination has been shown to be a significant force in the evolution of mobile elements (e.g., Adey et al.
nome (Chen et al. 1987; Cresse et al. 1995; Dietrich et al. 2002) . Similarly, in a recent study it was shown 1994; McClure 1996; Jordan and McDonald 1998; Lerat et al. 1999) . The presence of two ORFs whose that the majority of new Pong insertions (9 of 10) were into single-copy sequences of the rice genome ( Jiang organization varies in different PIF/Pong-like elements prompted us to investigate whether interelement reet al. 2003) . To test whether this is also true for OsPIF 's Trees were generated using the neighbor-joining method from CLUSTALW multiple alignments of the conserved regions in OsPong ORF1 (boxed in Figure 1b) and the catalytic domain of ORF2 (boxed in Figure 1b) , respectively, and rooted with the corresponding regions of ORF1 and ORF2 from an Arabidopsis Pong-like element AtPong_AP000413 (accession no. AP000413; ORF1, 34, 412; ORF2, 32, 453) . Where multiple OsPong elements are identical in these regions, only one is shown. The name and color of OsPong 's are the same as in Figure 6 . Bootstrap values were calculated from 1000 replicates.
and other OsPong's, the immediate flanking sequences taken as evidence that an OsPIF or OsPong family was associated with a Tourist-like MITE family. Nine of the (100 bp from each end) of all elements with defined termini were searched using RepeatMasker and Blastn.
21 Tourist-like MITE families with OsPIF-like TIRs were found to be associated with OsPIF families, while 3 of Of the 132 OsPIF 's and OsPong's examined, 109 (82.6%) were in single-copy sequences, 13 (9.8%) were in other the 9 Tourist-like MITE families with OsPong-like TIRs were found to be associated with OsPong families. DNA elements, 6 (5.5%) were in retroelements, and 4 (3.0%) were in unknown repeats.
In some cases a MITE family was clearly identified as a deletion derivative of a particular OsPIF or OsPong Relationships between OsPIF 's, OsPong's, and Tourist-like MITEs: Identification of full-length OsPIF and OsPong family (Figure 8 ). For example, the high copy number Castaway family ‫0003ف(‬ copies; Bureau et al. 1996 ; elements permitted the first genome-wide analysis of the relationship between these TPase-encoding eleJiang and Wessler 2001) appears to be derived by a simple deletion from the OsPIF6 family. The apparent ments and Tourist-like MITEs. Sequence identities between OsPIF 's and OsPong's and Tourist-like MITEs were deletion breakpoints in OsPIF6 occur at a 4-bp direct repeat (TTCC, underlined in Figure 8a ) that is present determined in two ways. First, we investigated whether Tourist-like MITE families could be associated with Osas only a single copy in Castaway. Similar relationships between several other OsPIF families and Tourist-like PIF 's or OsPong's on the basis of the sequences of their TIRs. To do this, the TIRs of 31 published rice Tourist-MITE families are shown in Figure 8 , b-d. In contrast, although sequence similarities between OsPong and like MITE families were examined (Bureau et al. 1996; Tarchini et al. 2000; Jiang and Wessler 2001; TurTourist-like MITEs were detected, they were not as extensive as those seen with OsPIF (see Figure 8 , e and f). genomes (Kapitonov and Jurka 1999; Le et al. 2001;  fication of transposable elements is largely responsible for the huge differences in plant genome size (BennetZhang et al. 2001; Aparicio et al. 2002; Jiang et al. 2003) . In this study, Ͼ600 PIF-and Pong-like TPases zen 2002; Feschotte et al. 2002a) , it is reasonable to assume that even larger families of PIF and Pong will be were identified or isolated from 35 plants, 19 animals, and two fungi. Phylogenetic analyses of these TPases found once these genomes are sequenced. ORF1 of PIF/Pong-like elements: The maize PIF and defined three major groups, each represented by multiple distinct lineages. Taken together, the PIF/IS5 superrice Pong elements encode two ORFs (ORF1 and ORF2), of which ORF2 is most likely the TPase while the funcfamily of TPases is ancient and its members are widespread. To date, the only other TPase superfamily with tion of ORF1 is unknown. Database searches revealed a large number of homologs for both ORFs and, where such a broad distribution in eukaryotes and prokaryotes is IS630/Tc1/mariner (Feschotte and Wessler 2002;  found, they were usually in pairs with an ORF1 homolog located within ‫2-1ف‬ kb of an ORF2 homolog. All OsPIF .
PIF-and Pong-like elements are especially abundant and OsPong families with defined termini also encoded both ORFs. The amino acid sequence similarity between in plants, including both monocotyledons and dicotyledons. Large numbers of PIF-and Pong-like TPases were PIF-and Pong-like ORF1s in blocks A and B (Figure 1 ) suggests a monophyletic origin, and the presence of detected in three plants with relatively small genomes: ‫08ف‬ copies in Arabidopsis (130 Mb); ‫053ف‬ copies in this ORF in virtually all PIF/Pong-like lineages suggests that it is necessary for the active transposition of these rice (450 Mb), and Ͼ1000 copies in B. oleracea (extrapolated to ‫006ف‬ Mb). Although significant sequence is elements.
A requirement for a protein other than the transponot yet available for plants with large genomes, such as maize (2500 Mb) and barley (5000 Mb), the degenerate sase is unusual for a eukaryotic transposon, having been described previously only for members of the CACTA PCR assay indicates that these genomes also harbor multiple and diverse lineages (Figure 3) . Given that amplisuperfamily (Kunze and Weil 2002) . Although the au-tonomous Mutator element MuDR from maize encodes OsPIF, OsPong, and Tourist-like MITEs: In previous studies, PIF and Pong elements were isolated as the TPase two proteins (MURA and MURB), it is so far the only Mutator element shown to encode more than a single sources for two families of Tourist-like MITEs, mPIF and mPing, respectively Jiang et al. 2003) . ORF among hundreds of MULEs examined (Yu et al. 2000; Singer et al. 2001; Lisch 2002). For CACTA-like In this study, many other PIF-and Pong-like elements were identified, including all the families in rice. Charelements, multiple proteins are encoded by alternatively spliced transcripts (e.g., TNPA and TNPD of the maize acterization of these elements permitted a comprehensive analysis of the relationships between these TPaseEn/Spm element; Kunze and Weil 2002) . In contrast, our data indicate that ORF1 and ORF2 are separate encoding elements and Tourist-like MITEs. The major conclusion from this analysis is that most Tourist-like transcription units. First, each ORF has a promoter that was predicted with high confidence by computer pro-MITE families are related to either PIF-or Pong-like elements solely on the basis of a comparison of their grams (data not shown). Second, elements harboring four distinct alignments of ORFs 1 and 2 were detected TIRs. Of the 31 previously described Tourist-like MITE families in rice, the TIRs of 20 were found to be more in plant genomes: head-to-tail (ORF2 either upstream or downstream of ORF1), head-to-head, and tail-to-tail closely related to the consensus OsPIF TIR while the TIRs of 9 were more closely related to the consensus (Figure 3) . The fact that ORFs 1 and 2 would be transcribed from opposite strands in the head-to-head or OsPong TIR (Figure 6 ). Attempts to associate individual Tourist-like MITE tail-to-tail arrangements rules out the possibility that alternatively spliced transcripts are involved.
families with specific OsPIF or OsPong families uncovered many clear-cut relationships (Figure 8 ). For example, Several features of ORF1 provide clues to its possible function(s). Weak similarity between the most conthe MITE family Castaway ‫0003ف(‬ copies) was found to be derived from the OsPIF6 family by internal deletion served region in ORF1 (Figure 1 , block A) and the myb DNA-binding domain of some plant and animal and subsequent amplification. Relationships between Tourist-like MITEs and OsPong families are less apparent transcription factors suggests that ORF1 may encode a DNA-binding protein (Jiang et al. 2003) . One can as sequence similarity is limited to the subterminal regions (as shown in Figure 8 , e and f). However, detection envision a model whereby the product of ORF1 binds to the ends of Pong-like elements and recruits ORF2 by of sequence identity between subterminal regions of OsPong families and Tourist-MITE families, albeit limprotein-protein interactions. Alternatively, products of ORFs 1 and 2 may form a heterodimer that binds to ited, is significant in light of the fact that even closely related OsPong families display no sequence identity in the element ends. If the products of ORFs 1 and 2 interact, it is reasonable to expect that they have been their subterminal regions. In summary, the characterization of virtually all fullcoevolving, a feature consistent with the data presented in this study (Figure 7) . That is, the phylogenies of length PIF-and Pong-like elements in the rice genome has permitted a determination of the extent of their ORF1 and ORF2 are very consistent and no interfamily rearrangement was found (Figure 7) . The requirements relatedness with most of the 60,000 Tourist-like MITEs residing in this genome. Our data indicate that many of PIF and Pong transposition as well as the possible interaction between ORF1 and ORF2 are under investiTourist-like MITEs originated from OsPIF and OsPong elements by internal deletion and subsequent amplifigation.
OsPIF and OsPong elements: This study identified 116 cation. However, 16 of the 28 Tourist-like MITEs examined in this study were not clearly associated with OsPIF/ OsPIF and 80 OsPong TPases representing all of the lineages of PIF and Pong TPases detected in monocot geOsPong families. It is possible that their cognate OsPIF/ OsPong families were lost from the genome. Such a nomes. As such, rice is a suitable model to study the evolution of PIF-and Pong-like elements in plants as well scenario is not difficult to imagine considering OsPIF/ OsPong elements are present at much lower copy numas their relationship with Tourist-like MITEs.
OsPIF and OsPong elements were grouped into 27 ber (several per family) than are Tourist-like MITEs (hundreds or thousands per family). Alternatively, some and 26 families, respectively, on the basis of sequence identity of their coding regions. These groupings reTourist-like MITE families may have originated by chance events, where, for example, a pair of nearby ceived additional support when it was determined that elements of the same family share extensive sequence inverted repeats (and other cis requirements, if any) were mobilized fortuitously by an endogenous PIF-or similarity in noncoding regions. Several OsPIF and OsPong families (such as OsPIF4, -5, -6, -9, -12, -13, -23 and Pong-like TPase and subsequently amplified to high copy numbers. OsPong8, include members that are nearly identical. Furthermore, each family includes at least one
The rice genome harbors Ͼ90,000 MITEs: 60,000 Tourist-like MITEs and 30,000 Stowaway-like MITEs putative autonomous member whose coding region is not interrupted by a stop codon or a frameshift muta- N. Jiang and S. R. Wessler, unpublished data) . Whereas elements of the PIF/Pong/ tion. These features are indicative of recent and perhaps ongoing activity of multiple OsPIF/OsPong families.
IS5 superfamily (OsPIF and OsPong) appear to be re-
